Abstract Peripheral nerve sheath tumors are common neoplasms, with classic identifiable features, but on occasion, they are diagnostically challenging. Although welldefined subtypes of peripheral nerve sheath tumors were described early in the history of surgical pathology, controversies regarding the classification and grading of these tumors persist. Advances in molecular biology have provided new insights into the nature of the various peripheral nerve sheath tumors, and have begun to suggest novel targeted therapeutic approaches. In this review, we discuss current concepts and problematic areas in the pathology of peripheral nerve sheath tumors. Diagnostic criteria and differential diagnosis for the major categories of nerve sheath tumors are proposed, including neurofibroma, schwannoma, and perineurioma. Diagnostically challenging variants, including plexiform, cellular and melanotic schwannomas are highlighted.
Abstract Peripheral nerve sheath tumors are common neoplasms, with classic identifiable features, but on occasion, they are diagnostically challenging. Although welldefined subtypes of peripheral nerve sheath tumors were described early in the history of surgical pathology, controversies regarding the classification and grading of these tumors persist. Advances in molecular biology have provided new insights into the nature of the various peripheral nerve sheath tumors, and have begun to suggest novel targeted therapeutic approaches. In this review, we discuss current concepts and problematic areas in the pathology of peripheral nerve sheath tumors. Diagnostic criteria and differential diagnosis for the major categories of nerve sheath tumors are proposed, including neurofibroma, schwannoma, and perineurioma. Diagnostically challenging variants, including plexiform, cellular and melanotic schwannomas are highlighted. A subset of these affects the childhood population, and has historically been interpreted as malignant, although current evidence and outcome data suggest they represent benign entities. The growing current literature and the author's experience with difficult to classify borderline or ''hybrid tumors'' are discussed and illustrated. Some of these classification gray zones occur with frequency in the gastrointestinal tract, an anatomical compartment that must always be entertained when examining these neoplasms. Other growing recent areas of interest include the heterogeneous group of pseudoneoplastic lesions involving peripheral nerve composed of mature adipose tissue and/or skeletal muscle, such as the enigmatic neuromuscular choristoma. Malignant peripheral nerve sheath tumors (MPNST) represent a diagnostically controversial group; difficulties in grading and guidelines to separate ''atypical neurofibroma'' from MPNST are provided. There is an increasing literature of MPNST mimics which neuropathologists must be aware of, including synovial sarcoma and ossifying fibromyxoid tumor. Finally, we discuss entities that are lacking from the section on cranial and paraspinal nerves in the current WHO classification, and that may warrant inclusion in future classifications. In summary, although the diagnosis and classification of most conventional peripheral nerve sheath tumors are relatively straightforward for the experienced observer, yet borderline and difficult-to-classify neoplasms
Introduction
Peripheral nerve sheath tumors encompass a spectrum of well-defined clinicopathologic entities [87] , ranging from benign tumors, such as schwannoma, to high-grade malignant neoplasms termed malignant peripheral nerve sheath tumors (MPNST) ( Table 1) , which are often resistant to conventional treatments [126] .
Beyond the long-established problems in peripheral nerve sheath pathology, such as the distinction of atypical neurofibromas from MPNST, a number of newer issues have arisen in this area. For example, a subset of peripheral nerve tumors is difficult to classify, demonstrating hybrid morphologic features overlapping with previously discrete diagnostic categories, such as schwannoma and perineurioma [63, 69, 98, 124, 128] . Nerve sheath tumors arising in children represent another difficult area that has received recent attention [94, 95, 151] . In this review, we will discuss current concepts relating to the diagnostic criteria for peripheral nerve sheath tumors, chiefly those with Schwann cell differentiation, as well as less common problems such as hybrid nerve sheath tumors, cellular nerve sheath tumors in the pediatric population, the distinction of atypical changes in neurofibroma from MPNST, and nonSchwann cell-derived mimics of MPNST in peripheral nerves and paraspinal regions. Molecular aspects of nerve sheath tumors will be discussed when pertinent. More comprehensive discussion of this rapidly evolving area can be found elsewhere, including the accompanying review by Carroll in this issue [15] . In addition, for more comprehensive coverage, the reader is referred to the upcoming AFIP fascicle of tumors of the peripheral nervous system [8] .
Origin and ontogenesis of peripheral nerve sheath tumors
The main peripheral nerve sheath tumors are characterized by neoplastic proliferations with Schwann cell differentiation. For instance, the Schwann cell represents the primary neoplastic cell component of neurofibroma [111] , characterized cytologically by wavy nuclear contours and S-100 protein expression [19, 140] . Neurofibromas also incorporate a mixture of non-neoplastic peripheral nerve components, including axons, perineurial cells, fibroblasts, and variable inflammatory elements, such as mast cells and lymphocytes. In addition, a population of CD34 positive cells of unclear histogenesis is present [15, 141] .
Recent mouse models of neurofibroma have provided key insights into possible cells of origin of neurofibroma subtypes. In one model, non-myelinating p75? Schwann cell progenitors are the candidate cell for Nf1 loss in plexiform neurofibroma [156] , while in other models, the cell of origin has been temporally assigned to the Schwann cell precursor/immature Schwann cell boundary, in desert hedgehog expressing cells [152] . Dermal neurofibromas may even have a non-schwannian precursor altogether, such as a neural stem cell/progenitor [82] . MPNST may in theory arise from similar precursors, but in addition to NF1 loss, mutations in multiple tumor suppressor genes (TP53, CDKN2A) and receptor tyrosine kinase amplification (e.g. EGFR) are acquired [77, 97, 106, 112] . Compared to [50] . Conversely, in mouse models of neurofibromas, tumor formation is greatly facilitated by a NF1 hemizygous genetic background in non-neoplastic cells in the microenvironment (see below). Biological evidence about the cell of origin of perineurioma is lacking, as well as suitable model systems to study it.
Benign nerve sheath tumors

Neurofibroma
Neurofibromas are benign nerve sheath tumors with a tanwhite, glistening cut surface apparent grossly (Fig. 1a) . Their growth pattern is either well-demarcated intraneural (Fig. 1b) or diffuse infiltration of soft tissue at extraneural sites (Fig. 1c) . They are relatively common, particularly at superficial cutaneous sites, where they present as localized, pedunculated growths.
Neurofibroma variants
Specific clinicopathologic subtypes based on architectural growth patterns include localized, diffuse and plexiform neurofibromas. The localized cutaneous neurofibroma is the most common, and occurs sporadically in the majority of cases. Localized neurofibromas may also involve a major nerve, and result typically in fusiform expansion of the nerve trunk (intraneural subtype). Diffuse neurofibromas are characterized by a plaque-like enlargement usually in the head and neck region (Fig. 1d ). S100 positive pseudomeissnerian corpuscles may be abundant [125, 127, 138] . Most neurofibromas occur sporadically, although approximately 10% ultimately prove to be associated with neurofibromatosis type 1 (NF1). The plexiform neurofibroma localized to a major nerve trunk and the rarest form, the massive soft tissue neurofibroma are almost always associated with NF1. Plexiform neurofibroma is defined by the involvement of numerous adjacent nerve fascicles or multiple components of a nerve plexus (Fig. 2 a, b) . Microscopically, plexiform neurofibromas often show an admixture of areas resembling localized and diffuse-type neurofibromas. Plexiform neurofibroma has a potential for malignant degeneration, and is a recognized precursor for MPNST in NF1 patients [92] .
Some neurofibromas show unusual features such as degenerative cytological atypia (neurofibroma with ancient change, atypical neurofibroma) (Fig. 2c, d ) and/or increased cellularity (cellular neurofibroma) (Fig. 2e, f) , often raising the differential diagnosis with MPNST. Cellular neurofibromas may show moderate cellularity and a more pronounced fascicular growth pattern, but lack the ''monotonous'' cytological atypia, chromatin abnormalities and mitotic activity seen in MPNST. Neurofibromas with ancient change feature degenerative nuclear atypia, containing scattered cells with markedly enlarged, hyperchromatic nuclei, often with ''smudgy'' chromatin; however, they lack increased cellularity, fascicular growth, or mitotic activity. Similar changes may be seen in so-called ancient schwannomas. Other less common morphological findings in neurofibroma include the presence of melanin pigment (Fig. 3a) [40] , metaplastic bone ( Fig. 3b ) and glandular differentiation [120] . Massive soft tissue neurofibroma, a very rare subtype, is characterized by large size, infiltration of soft tissue and skeletal muscle, often involving large anatomical regions, and histologically demonstrating the presence of a cellular component (Fig. 3c ) [150] . They may contain plexiform components, but usually do not undergo malignant degeneration.
Differential diagnosis of neurofibroma
The possible differential diagnosis for neurofibromas is ample and influenced by the site of occurrence (intra vs. extraneural), including a number of neoplastic and nonneoplastic nerve lesions, such as schwannoma, nerve sheath myxoma, neurothekeoma, ganglioneuroma and traumatic neuroma, as well as a variety of non-nerve sheath tumors, in particular dermatofibrosarcoma protuberans (DFSP) and desmoplastic malignant melanoma. Among benign lesions, traumatic neuroma, a non-neoplastic proliferation at a site of nerve transection and ganglioneuroma, since neurofibroma may infiltrate dorsal root or sympathetic ganglia, represent the main entities in the differential diagnosis. The abnormal appearance of ganglion cells, which vary greatly in size and are frequently binucleated and their haphazard distribution, single or in clusters, makes the distinction of ganglioneuroma from infiltrated normal ganglia quite simple in most cases. Desmoplastic malignant melanoma may be composed of deceptively bland cells with wavy nuclei, closely mimicking neurofibroma. Important clues to the diagnosis of melanoma include the presence of significant sun damage, atypical junctional melanocytic hyperplasia or melanoma in situ, the presence of very long, hyperchromatic cells, a ''packeted'' pattern of growth, dense fibrosis, and deep nodular lymphoid aggregates. Immunohistochemistry is of limited value in this differential diagnosis, as both tumors express S100 protein, and more specific melanocytic markers (e.g., HMB45, Melan-A, tyrosinase) are essentially never positive in desmoplastic melanoma. A recent report suggests that CD34 immunoreactivity in a ''fingerprint'' pattern is more typical of neurofibroma than desmoplastic melanoma [153] . Although desmoplastic melanoma represents a true malignancy, recent reports suggest that desmoplastic melanoma may not be as aggressive as previously thought [20] .
Schwannoma
Schwannomas are benign neoplasms of Schwann cell origin. The gross appearance is characteristic, in the form of well-circumscribed masses ( Fig. 4a) with degenerative changes and variable admixture of compact spindled (Antoni A) areas and hypocellular, microcystic (Antoni B) areas rich in macrophages and collagen fibers (Fig. 4b) . A well-formed collagenous capsule is a consistent finding (Fig. 4c) , as well as hyalinized vessels (Fig. 4d) . By immunohistochemistry, schwannomas typically show diffuse, strong expression of S100 protein [140] (Fig. 4e) and abundant pericellular collagen type IV (Fig. 4f) , consistent with the presence of a continuous pericellular basal lamina [108] . Glial fibrillary acid protein (GFAP) is expressed in a subset of schwannomas [68] . Recent markers frequently positive in schwannomas include podoplanin [67, 104] , calretinin [41] , and SOX10 [107] . Very rarely, otherwise typical schwannomas may show anomalous expression of cytokeratins [35] . In our experience such tumors are always strongly GFAP-positive, suggesting cross reactivity of cytokeratin antibodies with GFAP, rather than true protein expression. Unlike neurofibroma, neurofilament protein staining is usually limited to entrapped axons at the periphery of the tumor, although some recent studies suggest that the presence of intralesional axons is actually more frequent than previously reported [105] .
Schwannoma variants
Cellular schwannoma, although relatively uncommon, is an important variant of schwannoma to recognize, because its high cellularity, fascicular growth pattern, increased mitotic activity, and occasional locally destructive behavior, including bone erosion, often prompt consideration of malignancy. Cellular schwannoma is defined as a schwannoma composed almost entirely of a compact, fascicular proliferation of well differentiated, cytologically bland Schwann cells, lacking Verocay bodies [17, 43, 144] (Fig. 5a, b) , and showing no more than very focal Antoni B pattern growth (\10% of the tumor area). Important clues to this diagnosis include the presence of foamy histiocyte aggregates, a well-formed capsule containing lymphoid aggregates, and diffuse strong S100 protein and pericellular collagen IV expression. Diffuse S100 protein expression is exceedingly uncommon in spindled MPNST, and this finding should always raise the possibility of cellular schwannoma. Cytokeratin immunoreactivity may be seen in some cellular schwannomas, and may represent cross reactivity with GFAP as-mentioned above. Importantly, cellular schwannomas lack expression of smooth muscle actin, desmin, CD117 and DOG1, allowing exclusion of other important tumors in its differential diagnosis, leiomyosarcoma and GIST, respectively. DOG1 (''discovered on GIST 1/Anoctamin-1'') is a recently described membrane protein, a highly sensitive and specific marker for GIST, expressed even in tumors lacking KIT or PDGFRA mutations [52, 143] . Cellular schwannomas, despite their occasional alarming cellularity, lack malignant potential for practical purposes and never metastasize. Local recurrence is variable (5-40%) [17, 144] and may be higher than in conventional schwannomas. This may be related in part to location given the propensity for deep anatomic regions that are not always amenable to gross total resection. However, even recurrent lesions grow slowly and do not result in death. Mitotic activity is usually less than 5 per 10 high-power fields. However, brisk mitotic activity, even in excess of 10 per 10 high-power fields, may be present in rare instances, and if other features diagnostic of cellular schwannoma are present, this proliferative activity is still compatible with a benign diagnosis.
Plexiform schwannoma is a distinctive subtype of schwannoma that usually occurs in superficial (cutaneous or subcutaneous) locations and is defined by a plexiform (intraneural-nodular) pattern of growth [42, 146] Although they may be associated with schwannoma predisposition syndromes such as NF2 and schwannomatosis, the association is weak (approximately 5% of the cases) [11] . These tumors may be less circumscribed than conventional schwannoma, or even lack a capsule. The tumors are usually composed of Antoni A patterns. Neurofilament protein immunoreactive axons are usually identified within the lesion.
More problematic are the rare plexiform schwannomas that arise in deep anatomic locations, in soft tissue [4] or major peripheral nerves [56] , (Fig. 5c-e) , since they may demonstrate increased cellularity and mitotic activity and thus, may be difficult to distinguish from MPNST. Although these tumors have a negligible malignant potential, local recurrence may be relatively high, occurring in approximately half of the cases [4] . Again, the presence of widespread S100, collagen IV immunoreactivity or basal lamina by electron microscopy is reassuring (Fig. 5f ).
Melanotic schwannoma is a rare, distinctive, potentially malignant neoplasm characterized by epithelioid cells with variably sized nuclei and marked accumulation of melanin in neoplastic cells and associated melanophages [96] (Fig. 6a) . The main differential diagnosis is with other melanin-producing neoplasms, in particular melanoma. The presence of psammoma bodies in these tumors (i.e., psammomatous melanotic schwannoma) is associated with approximately half the cases with Carney complex [14] , and therefore this neoplasm is discussed in more detail in an accompanying review of peripheral nerve sheath tumors in inherited tumor syndromes [117] .
Although most schwannomas demonstrate classic histology, curious morphologic variations are occasionally encountered. The recently described ''reticular'' schwannoma is characterized by abundant myxoid change, microcysts, and a tendency to arise in viscera [84] . Rare findings in schwannomas include large cellular palisades resembling neuroblastic rosettes (i.e. ''Neuroblastoma-like schwannoma'') [51] , (Fig. 6b) , pseudoglandular structures, [38] (Fig. 6c) , benign epithelioid change [73] (Fig. 6d) , and lipoblastic differentiation [113] .
Perineurioma
Perineurioma is currently considered a benign neoplasm with advanced perineurial differentiation. Two distinct types are recognized: intraneural and soft tissue. Although historically the intraneural variety was interpreted as a reactive hypertrophic process [135] the presence of 22q deletions in both intraneural and soft tissue perineurioma supports a neoplastic origin for both types [33, 48] .
Intraneural perineuriomas are characterized by localized, solitary expansion of peripheral nerves, due to involvement of one or more nerve fascicles. These tumors remain stable over time or progress very slowly [90] . On gross examination, multinodularity secondary to firm, enlarged individual fascicles when exposed is the main finding (Fig. 7a) . Histologically, it is characterized by a complex perineurial cell proliferation extending into the endoneurium and concentrically surrounding individual nerve fibers and endoneurial capillaries producing characteristic ''pseudo-onion bulbs'', which are best appreciated on cross sections of nerve fascicles ( Fig. 7b-f ).
Soft tissue perineurioma almost always lacks an associated nerve, is usually well circumscribed and may have a capsule. Slender cells with very delicate, overlapping elongated cellular processes, arranged in loose fascicles or whorls are the typical pattern. Atypical histologic features, such as pleomorphic cells and limited infiltration, do not seem to have prognostic significance [61] . Abundant myxoid change, creating a microcystic or ''reticular'' pattern is present in a subset of cases (so-called reticular perineurioma) [53] . Sclerosing perineurioma is a distinctive variant most often seen in the hand of young men, and is characterized histologically by extensive collagen deposition and epithelioid cytomorphology [39] .
Ancillary studies are required for the diagnosis of perineurioma. Among immunohistochemical markers, epithelial membrane antigen (EMA) is the most widely used Fig. 4 Pathologic features of schwannoma. Schwannomas form well circumscribed, variegated masses with a tan appearance and macrocysts (a). Verocay bodies, characterized by distinct palisades with a fibrillary core are important diagnostic features (b). A well-formed capsule is seen in almost all cases (c). Hyalinized vessels (d) are frequent findings. Diffuse immunoreactivity for S100 (e) and pericellular collagen IV (f) is almost universal in all schwannomas subtypes and stains the majority of perineuriomas [9, 110] , typically in a membranous fashion. Additional immunohistochemical markers of perineurioma include claudin 1 [45] , a marker of tight junctions, and GLUT1, a glucose transport protein involved in the formation of the blood-nerve barrier. Neither of these markers is entirely specific for perineurial differentiation, and they are best used as part of a multi-antibody panel [5] . The differential diagnosis of intraneural perineurioma mainly includes localized reactive Schwann cell proliferations, while that of soft tissue perineurioma includes a variety of soft tissue tumors with fibrous and epithelioid morphologies, the most important of which is low-grade fibromyxoid sarcoma. Unlike perineurioma, low-grade fibromyxoid sarcoma shows prominent stromal collagen deposition and an ''abrupt'' transition into myxoid nodules, displaying a curvilinear vascular pattern. EMA expression may be present in up to 40% of the lowgrade fibromyxoid sarcomas, a potential pitfall. Demonstration of MUC4 expression and a FUS rearrangement may be required on occasion for the definitive distinction of low-grade fibromyxoid sarcoma (positive for both) from perineurioma (negative for both) [27, 28, 89, 109] .
Hybrid benign nerve sheath tumors
Most peripheral nerve sheath tumors exhibit distinctive morphologic and immunophenotypic features that allow clear cut placement into a specific diagnostic category, predominantly neurofibroma, schwannoma or perineurioma. We have encountered on occasion tumors that are remarkably difficult to fit into one specific category. Some may arise in the setting of inherited syndromes. For example, occasional well-circumscribed tumors may involve the soft tissues in patients with NF1 with focal areas reminiscent of neurofibroma, schwannoma and even perineurioma (Fig. 8) . This phenomenon is of the utmost importance, given that it may be incorporated into the overall clinical diagnostic criteria for a specific syndrome, with strong implications for future individual and familial screening.
The co-existence of benign nerve sheath tumors with distinct schwannoma and neurofibroma components was explored by Feany et al. [36] in a series of nine cases (Fig. 9) . Of note was the presence of a plexiform architecture in the majority of cases (five of nine). Alternatively, some authors may interpret these tumors as neurofibromas with schwannian nodules [120] . An example of co-existing cellular schwannoma and plexiform neurofibroma involving the brachial plexus has also been reported [128] .
A more frequent component of these benign hybrid tumors may be perineurial. In our experience, one manifestation of hybrid nerve sheath tumor is the presence of tumors with the architectural features of soft tissue perineurioma, but with increased S100 expression (Fig. 10) . Michal et al. [98] reported six tumors with hybrid schwannoma and perineurioma components. Hornick et al. [63] reported a subsequent series of 42 such cases. Storiform growth and a collagenous stroma were dominant architectural features, typical of perineurioma, but schwannian cytology predominated. Degenerative nuclear atypia was present in a subset of cases. Such tumors have a predilection for superficial (dermal or subcutaneous) locations, usually are unencapsulated and are composed of biphasic, non-overlapping S100 and EMA positive cell components. In addition, the majority of cases expressed GFAP, CD34 and claudin1. In these tumors, the scant neurofilament protein axons present favored a schwannoma over a neurofibroma component. The behavior of such tumors was uniformly benign, with only one recurrence documented. Rare examples with hybrid neurofibroma and perineurioma features have also been reported [69, 124] .
Benign gastrointestinal nerve sheath tumors
The versatility of nerve sheath tumors has become increasingly evident in recent years, particularly in tumors involving the gastrointestinal tract. The full spectrum of peripheral nerve sheath tumors is represented (Fig. 11) , including schwannoma, perineurioma [2, 62, 70] , granular cell tumor, neurofibroma, as well as hybrid tumors [32] and unusual subtypes such as the recently described microcystic/reticular schwannoma [84] . This has distinctive clinicopathologic features, including a predilection for the intestine (rather than stomach as other GI schwannomas) and presentation in an older age group [3, 84, 132] . In addition, a number of benign polypoid lesions in the GI tract have been proposed as having nerve sheath differentiation, along schwannian or perineurial lines [49, 83] . Granular cell tumors or peripheral nerve sheath tumors with granular cell features represent unique tumors with a GI tract predilection (Fig. 11 ). Rare cases demonstrate an associated lipomatous component in the large bowel, creating a curious ''nodule-in-nodule'' architectural pattern [103] . It must be noted that some GISTs have been recently recognized to develop granular-epithelioid change [1] .
The differential diagnosis of gastrointestinal nerve sheath tumors may be difficult and encompasses GIST and smooth muscle tumors, which are relatively more common [3] . The most frequent locations in a recent study included esophagus and colon [3] . GI nerve sheath tumors may demonstrate variable histology that may differ somewhat from their soft tissue counterparts. For example, in a recent study of gastric schwannomas, classic histologic features of schwannoma in soft tissue and peripheral nerve (i.e. palisades, presence of a capsule, and vascular hyalinization) were infrequent [137] . Of interest, some GI schwannomas may arise in patients with NF1 and even demonstrate loss of heterozygosity of 17q (the NF1 gene locus) [81] . NF2 loss is rarer in GI schwannomas, compared to nerve/soft tissue counterparts [81] . These findings, combined with an increased density 
Distinct schwannoma nodules and neurofibroma areas (c, d, e).
Neurofilament protein immunostain highlights axons (f), while S100 strongly labels the schwannoma component (g)
of axons and perineurial cells, suggest some biologic overlap with neurofibromas [155] .
Rare pseudoneoplastic lesions and mimics of benign nerve sheath tumors
Various rare neoplastic and pseudoneoplastic lesions may involve major peripheral nerves and raise interesting differential diagnoses with peripheral nerve sheath tumors. Neuromuscular choristoma is an exquisitely rare lesion characterized by the presence of mature skeletal muscle fibers within a major peripheral nerve [88] (Fig. 12) . Although this represents a uniformly benign lesion, recent studies have highlighted a strong association with postoperative aggressive fibromatosis as sequelae, so the potential for morbidity is high [57] .
In addition, a spectrum of benign adipocytic lesions may involve major peripheral nerves, exclusively or in combination with adjacent extraneural tissue. Some authors have recently proposed refinement of classification schemes for these unusual lesions [129] . Although little is known about the true nature of these lesions, they seem to lack the HMGA2 rearrangements characteristic of soft tissue lipoma [116] .
A last, apparently, reactive lesion of major nerves is inflammatory pseudotumor, which presents as a mononeuropathy and responds favorably to intravenous steroids [91] .
Benign non-schwannian neoplasms involving major peripheral nerves are very rare. One unusual mimic is glomus tumor of nerve [121] , which usually lacks S100 expression, but may demonstrate pericellular collagen IV reactivity and long spacing collagen on ultrastructural examination, schwannian properties. Curiously, glomus tumors have been recently added to the spectrum of NF1 associated tumors, although they typically do not involve major nerves in this setting [12] .
Malignant peripheral nerve sheath tumors (MPNST)
Malignant peripheral nerve sheath tumors are malignant tumors arising from a peripheral nerve or in extraneural soft tissue and showing nerve sheath differentiation [87] (Fig. 13a, b, c) . Arguably, the diagnosis of MPNST has historically suffered from a lack of entirely specific morphological criteria and/or ancillary immunohistochemical or molecular tests. It is thus likely that a variety of nonnerve sheath sarcomas have been placed incorrectly into this category over the years. Most authors would agree that any sarcoma with intrinsic involvement of a major nerve, without a specific diagnosis reflecting an alternative line of differentiation (e.g., intraneural synovial sarcoma, angiosarcoma), or clearly arising from a pre-existing benign nerve sheath tumor should qualify [7, 120, 142] . Similarly, malignant spindled tumors in NF1 patients should be considered MPNST until otherwise proven. More difficult to classify are those tumors that are unrelated to a major nerve, and in these instances a combination of morphologic findings, immunohistochemistry (e.g. partial S100 expression) or ultrastructural features of Schwann cell or perineurial differentiation must be present [120, 142] .
Malignant peripheral nerve sheath tumors may show remarkable developmental plasticity, including divergent differentiation. Some arise in the post-irradiation setting [29, 44] . Frequent histologic findings, although not entirely specific, include fascicles of alternating cellularity, whorls, palisades or rosette-like arrangements, perineural/intraneural spread when associated with nerve, subendothelial accentuation of tumor cells, and large areas of geographiclike necrosis [64, 120] . Heterologous differentiation in the form of cartilage and bone, or less commonly skeletal muscle (so-called malignant triton tumor), (Fig. 13d, e) , smooth muscle, angiosarcoma, and even well-formed glands occur on occasion (Fig. 14) , particularly in patients with NF1 [13, 30, 115, 118, 147, 148] . A rare subset of MPNST demonstrates perineurial differentiation, which may be demonstrated by electron microscopy or EMA immunohistochemistry [58, 59] (Fig. 14) .
A distinctive, rare subtype of MPNST that raises a completely separate differential diagnosis is characterized by a predominance of large epithelioid cells, i.e. epithelioid MPNST [26, 80, 86] (Fig. 14a, b) . These tumors are more common in superficial sites and in contrast to conventional MPNSTs, express S100 protein strongly, typically, and [16, 60] , a potential diagnostic pitfall in the differential diagnosis with malignant rhabdoid tumor (Fig. 14c) .
MPNST arising in benign precursors
The main recognizable benign precursor to MPNST is neurofibroma, in particular the plexiform type in the setting of NF1. Malignant transformation into MPNST of schwannoma is a much rarer phenomenon [149] , and usually takes the form of epithelioid change, a primitive small cell component or angiosarcoma [93, 133, 149] . One example of rhabdomyoblastic differentiation developing in a schwannoma has also been reported [78] . MPNSTs may also rarely arise in ganglioneuromas/ganglioneuroblastomas [25, 71, 114] and even less commonly, in pheochromocytomas [99, 102] . MPNST arising from benign nerve sheath tumors may be relatively more common in intracranial/cranial nerve examples, with a relatively high association with schwannoma as the precursor, as recently reported [122] .
Selected problems in the diagnosis of peripheral nerve sheath tumors
Grading of MPNST Standardized, reproducible grading systems for MPNST are generally lacking at the present time. A practical approach to MPNST grading is to divide tumors into low grade (roughly 15%) and high grade (roughly 85%). Most MPNST would fall into a high-grade category with cytologic atypia, brisk mitotic activity (usually [ 5 per 10 high-power fields in our experience), and hypercellularity with or without necrosis. We usually apply the term lowgrade MPNST to less patently anaplastic tumors arising in transition from a neurofibroma precursor, which is described further below. Further splitting of high-grade MPNSTs could be accomplished using standard grading schemes. Among the major recognized grading schemes for soft tissue sarcomas, we advocate the French system (Fe´de´ration Nationale des Centres de Lutte Contre le Cancer or FNCLCC) [23, 134] , Immunohistochemistry for EMA highlights the outlining perineurium (c), while S100 and neurofilament protein label associated Schwann cells (d) and axons (e) given its reproducibility, large numbers of tumors examined and proven value in a variety of soft tissue tumor types. The system is three tiered, and incorporates three histologic parameters (tissue differentiation, mitotic activity and necrosis), to reach a composite score (Table 2 ). If applied to MPNST a FNCLCC grade 1 (or WHO grade II) may correspond to low-grade MPNST, usually arising in transition from neurofibroma in NF1, while highly pleomorphic MPNSTs or those with divergent differentiation, high-mitotic rate and necrosis reside at the other end of the spectrum (FNCLCC grade 3 or WHO grade IV).
One caveat is that this system has not been demonstrated to be of prognostic value in MPNST [22] , highlighting the need for large multi-institutional studies sufficiently powered to answer the specific question of grading and prognostic relevance, in particular separating a high-grade category into two. Perhaps this is not surprising however, since despite its similar spindle cell morphology, MPNST is more accurately classified as a neuroectodermal malignancy rather than a true sarcoma, including considerable genetic and clinicopathological differences from the latter broad category of mesenchymal neoplasms.
MPNST mimics
The differential diagnosis of MPNST in peripheral nerve and soft tissue is wide and includes a variety of sarcomas, primarily adult-type fibrosarcoma, synovial sarcoma, rhabdomyosarcoma, leiomyosarcoma, de-differentiated liposarcoma, and clear cell sarcoma. One of the most useful distinctions from benign Schwann cell tumors is the partial or even complete loss of S100 expression in MPNST [24, 140, 145] . Conversely, isolated expression of S100 should not be considered definite evidence of MPNST, since S100 expression may be seen in synovial sarcomas, leiomyosarcomas, and rhabdomyosarcomas, among others [130] . The tumor that perhaps most closely resembles MPNST is synovial sarcoma, in particular its monophasic variant. Synovial sarcomas commonly involve nerves and may even grow in a multinodular or plexiform growth pattern. Very rarely, genetically confirmed, intraneural synovial sarcomas have also been reported, including a recent series of 12 cases [123] (Fig. 15) . Perhaps, the only morphological feature that confidently allows the distinction of MPNST from synovial sarcoma is the presence of pleomorphic cells, essentially never present in synovial sarcoma. Although both synovial sarcoma and MPNST may show glandular differentiation, glandular MPNST tend to show glands resembling enteric epithelium with frequent endocrine differentiation, whereas those of synovial sarcoma are lined by cuboidal cells, often with intraluminal eosinophilic necrotic debris [21, 147] . Obviously, a history of NF1 and/or a coexisting neurofibroma precursor suggest MPNST. By immunohistochemistry, both synovial sarcoma and MPNST may express low molecular weight cytokeratins and EMA, although expression of high molecular weight cytokeratins is seen only in synovial sarcoma. S100 expression may be seen in both tumors, but CD34 expression is not seen in Rare examples of MPNST may lack S100 expression almost entirely, and contain whorls (e) and EMA expression (f) suggestive of perineurial differentiation synovial sarcoma [157] . Transducin-like enhancer protein (TLE1) expression is typically diffuse and strong in synovial sarcomas, but may also be present in a somewhat weaker, more variable pattern in some MPNST [47, 74, 75, 131] .
Given the limited discriminatory power of histology and immunophenotype in the differential diagnosis of MPNST and synovial sarcoma, demonstration of SS18-SSX1 or SS18-SSX2 gene fusions, usually resulting from a characteristic X;18 translocation [136] , may be required for a definitive diagnosis of intraneural synovial sarcoma (Fig. 15) , as these gene fusions are limited to synovial sarcoma [79] . Conversely, no specific chromosomal rearrangements have been uncovered in MPNST by conventional cytogenetics, but a complex karyotype is usually present [66] .
A rare tumor that may occasionally mimic MPNST is the ossifying fibromyxoid tumor of soft parts [46] . This rare neoplasm usually arises in superficial locations, and is characterized by bland cytology, fibromyxoid stroma, peripheral ossification in the form of a shell and frequent S100 expression [34, 100] . Malignant behavior, including the development of metastasis may occur in a small proportion of cases. In a subset of cases, a spindle cell component may mimic low-grade MPNST [46] . The presence of S100 immunoreactivity further complicates the differential, in particular in the rare examples arising in paraspinal locations [18, 119] . Additional phenotypic features include expression of desmin in a subset of cases, and a patchy (i.e. mosaic) pattern of INI1/BAF47 loss [54] .
Although MPNST lack a distinctive cytogenetic signature that allows for a specific diagnosis, molecular alterations including EGFR amplification, and deletions of NF1 or CDKN2A (p16) are supportive in the appropriate setting [77, 97, 106, 112] . The use of high throughput, genomic techniques has allowed the identification of specific genetic and phenotypic alterations with diagnostic or prognostic relevance that may find increased practical applications in the future [65, 101, 154] .
Cellular nerve sheath tumors in childhood
Malignant peripheral nerve sheath tumors are generally tumors of adulthood and relatively rare in the pediatric population. In 1994, Meis-Kindblom and Enzinger [94] reported a pediatric series of nine cases of a tumor that they termed ''plexiform malignant peripheral nerve sheath tumor of infancy and childhood''. The tumors were unrelated to NF1, except for one case, and were associated with frequent local recurrences.
Subsequently, some authors have interpreted these tumors to represent a subset of plexiform cellular schwannomas, given the consistent absence of aggressive behavior, metastatic disease or deaths after extended clinical follow-up [151] . Histologically, the tumors in the pediatric series of Woodruff et al. [151] demonstrated many worrisome features, including hypercellularity, brisk mitotic activity (4-31 per 10 high-power fields) and MIB1 labeling indices as high as 30%. However, as it is true of all schwannoma variants, strong uniform S100 immunostaining was demonstrated in all of these tumors.
Although these studies highlight the rarity or even absence of MPNST in the congenital setting, series of MPNST in children exist, with similar malignant behavior as in adults [31, 95] .
Low-grade MPNST
The distinction of atypical or cellular neurofibroma from low-grade MPNST change is perhaps the most difficult challenge in the pathology of peripheral nerve sheath neoplasms, particularly in the setting of an NF1 patient. Some authors use the term ''atypical neurofibroma'' to Tumor differentiation Depends on histologic type/degree of differentiation ranging from well-differentiated tumors similar to mature counterparts (Score = 1, e.g.
well-differentiated MPNST arising in transition from neurofibroma); conventional, monomorphous spindle cell MPNST may be assigned a score 2, while highly pleomorphic MPNSTs (often arising in NF1 syndrome), as well as MPNST with divergent differentiation (triton tumor, glandular, osteosarcomatous, chondorsarcomatous and angiosarcomatous) may be assigned a score of 3 denote neurofibromas with degenerative nuclear changes, analogous to ancient change in schwannoma [120] . These tumors are of little concern. Others, however, have reserved this term for nerve sheath tumors showing worrisome histologic features (e.g., high cellularity, scattered mitotic figures, monotonous cytology or fascicular growth), but not fully meeting criteria for malignancy [120, 142] . Clinically, atypical changes usually develop in large, slowly growing neurofibromas, and pain may be a feature [37] . ''Atypical neurofibromas'' have generally been regarded as benign [85] . However, a recent study restricted to NF1 patients suggests that atypical neurofibromas, defined as neurofibromas with increased cellularity and nuclear hyperchromasia/enlargement lacking mitotic figures, represent early malignant change in neurofibroma, with CDKN2A/B deletions (seen in MPNST) in the majority (94%) of the tested cases [10] . Morphological criteria for the diagnosis of low-grade MPNST arising in neurofibroma, as proposed by Scheithauer and Woodruff [120] , include hypercellularity, nuclear enlargement (*39 the size of a neurofibroma nucleus), and hyperchromasia, independent of the presence of mitotic activity (Fig. 16) . The isolated presence of one of these features is not sufficient for a malignant diagnosis. This is a frequently used scheme and one we routinely follow in our practice. However, some difficulties arise in a case by case basis given the lack of objective criteria for hypercellularity, hyperchromasia, and the extent of changes required Overt S100 immunoreactivity may be present in some synovial sarcomas (d). Cytokeratin typically labels isolated cells (e). Molecular confirmation may be required in some instances. In this example, RT-PCR reveals a SYT-SSX2 fusion transcript (arrow) (f), which is diagnostic of synovial sarcoma before reaching a malignant diagnosis. In our view, one worrisome feature for malignant transformation, given additional abnormal findings, includes the development of a fascicular pattern of growth, usually lacking in conventional neurofibromas. Lack of objective outcome data is another confounding factor in these grading schemes.
Mitotic count
Ancillary techniques may be of help, in particular increased MIB1 (Ki-67) and p53 nuclear labeling by immunohistochemistry [55, 72] . p16 [106] and p27 [76] expression is typically present in neurofibromas but absent in MPNSTs, and such areas of loss may highlight foci of malignant change in neurofibromas. Molecular techniques, including fluorescence in situ hybridization [112] and array comparative genomic hybridization [10] may be more objective tools in identifying molecular alterations relatively specific for MPNST, in particular CDKN2A/B deletions as described above (Fig. 16 ).
Recommended updates for the WHO classification
The spectrum of tumors and pseudoneoplastic lesions that may involve the peripheral nervous system is wide. However, the current WHO classification of tumors of the central nervous system, cranial and paraspinal nerves is mostly restricted to the larger, traditional categories [87] ( Table 3) . Based on our personal experience and review of the spectrum of peripheral nerve sheath neoplasms, categories and entities to incorporate in upcoming classification schemes may include a section clarifying the spectrum of benign hybrid tumors, as discussed above, that do not fit properly in any of the classic tumor types. This may be important, given the strong syndrome association of the traditional benign nerve sheath tumors, specifically those with schwannian features. This issue is more than academic, since it has long term prognostic and even therapeutic implications.
Granular cell tumor is a rare, but major category of tumors with presumed peripheral nerve sheath derivation, based on S100 expression and frequent nerve association including plexiform patterns [6, 139] , that may be incorporated in upcoming schemes. Although most behave in a benign fashion, a small subset acts in a bonafide malignant fashion, with scant predictive histologic features. Histologic criteria for malignancy in these tumors, therefore, merit further work.
A number of benign nerve sheath tumors are also not covered in the current WHO classification, including nerve sheath myxoma and palisaded encapsulated neuromas, among others. Despite evidence supporting a nerve sheath origin for most of these lesions, many are not routinely encountered by neuropathologists, but rather are more frequently evaluated in the subspecialty areas of dermatopathology and soft tissue pathology.
Finally, grading of MPNST is a persistent problem that has not been adequately addressed at the present time, which is understandable in part given the absence of concrete outcome data. In our experience, a two tiered scale of ''low'' and ''high'' grade represents a practical approach, while further refinement of MPNST grading, in particular to split a high grade category into WHO grades III and IV, may require larger consensus evaluation with critical discussion of standard grading schemes, and/or formal testing in large, multi-institutional cohorts.
Conclusion
The realm of peripheral nerve sheath tumors is currently a dynamic, evolving area of surgical pathology, with increasing multidisciplinary team collaborations. Morphologic variability of these tumors is wide, and they engender some of the most controversial, difficult differential diagnoses. Some traditional problems continue to plague pathologists, in particular the currently blurred borderzone between benign tumors and low-grade MPNST. The recognition of hybrid, non-classic neoplasms defy traditional classification schemes and the spectrum continues to expand. Greater availability of molecular techniques also provides an opportunity to refine morphologic diagnoses and is likely to play an increasing important role in the immediate future. 
